Measurement of folate in animal tissues is expensive and time-consuming. A fluorescence polarization assay has been developed that allows the rapid and inexpensive quantification of folate in various animal tissues. The concentration of tissue folate is determined by its ability to compete with the binding of Alexa-660-folate to bovine milk folate binding protein. The technique uses a few milligrams of material and is amenable to automated screening in 384-well microplates. Using this approach, the folate concentration in mouse liver, kidney & brain was found to be 21.4, 4.22 and 0.73 nanomoles/g fresh tissue, respectively. Packed human erythrocytes were found to contain 1.31 µM folate. These estimates are similar to published folate values for these tissues. Ascorbate was not included in the assay buffer because of its pro-oxidant effects in iron rich tissues such as erythrocytes and liver. The assay is homogeneous, completed within a few hours of the availability of the samples, and will enable the high throughput analyses of folate in human and animal samples.
Introduction
Folate deficiency is widespread in both developing and developed countries (1) (2) (3) . Deficiency is associated with neural tube defects, allergy, congenital heart disorders, anaemia, and cancer (4) (5) (6) (7) (8) . An individual's folate status is determined not only by dietary folate intake but also by their genetic constitution. It has been estimated that 46% of variation in human erythrocyte folate is attributable to genetic effects (9) . In addition to the above factors, the viscosity and digestibility of the food, the gut bacterial flora, and gut passage rate also influence the nutritional status of an individual. Thus, to assess the true nutritional value of foods and food formulations in different populations, there is a need to measure folate in human and animal tissues and this requires a low cost, high throughput assay.
Animal tissue folate is typically measured by the growth enhancement of Lactobacillus rhamnosus (10) , which requires microbiological facilities and is a comparatively low-throughput and high cost procedure. Both the microbiological methods and physico-chemical methods of folate measurement such as mass-spectrometry and High Performance Liquid Chromatography (HPLC) require extensive sample processing. This includes enzymatic deconjugation to remove the polyglutamate side chain, whose variable length interferes with these methods (11, 12) . A fluorescence polarization assay, which has been useful for measuring folate in plant materials (13) , has therefore been adapted for the analyses of folate in animal tissues such as erythrocytes, liver, brain and kidney. This method is based on the inhibition of binding of AlexaFluor 660-labelled folic acid to bovine milk folate binding protein (FBP) by folate in the sample. The assay is simple, homogeneous and readily automated for high throughput screening.
Materials and Methods

Biochemicals
Black, shallow, 384-well assay plates were purchased from Nunc (Rochester, NY, USA). Bovine serum albumin (BSA), HEPES buffer, 2-mercap- (14) with minor modification (13) .
Sample preparation
Human blood was donated by a healthy 52-year-old male volunteer, using EDTA as an anticoagulant. The strain of mouse used as a source of liver, brain, colon and kidney tissue was the Swiss mouse, euthanized with CO 2 . Homogenisation buffer consisted of degassed 50 mM HEPES, 0.1% (v/v) 2-mercaptoethanol, 0.5% Triton X-100, 0.2 mg/ml BSA, pH 7.4 containing Roche 'Complete' proteinase inhibitors to block cysteine, serine and metalloproteinases. Assay buffer was the same as homogenisation buffer without the proteinase inhibitor cocktail. Tissues were diced, mixed with homogenisation buffer in ratios of 1:4 (w/v) and manually homogenised in a Dounce homogeniser. Triton X-100 was added directly after homogenisation. Erythrocytes were washed in phosphate buffered saline pH 7.4 and lysed by re-suspension and freeze-thawing in the tissue homogenisation buffer 1:4 (w/v). Samples were sonicated for 5 minutes at maximum power using a Soniclean model 250T sonicator (Soniclean, Thebarton, South Australia) and heat denatured for 5 min at 90°C before being cleared of denatured protein and cell debris by centrifugation in a bench-top microfuge for 5 min at 13,000 rpm.
Fluorescence Measurements
Fluorescence polarization (FP) readings were performed using a Tecan Safire2 fluorescence microplate reader (Tecan, Grödig, Austria) at 22°C on 20 µl samples in assay buffer using NUNC black 384 well, lowvolume microplates. Each reagent (viz. FBP, sample and Alexa-660 folate) was added in a volume of 6.7 µl. FP measurements settings were at 635 nm for excitation and 695 nm for emission. Although Alexa 660 is maximally excited at 660 nm, 635 nm was used because in this fluorescence polarimeter the longest wavelength excitation LED is set at this wavelength. Tissue extracts were allowed to equilibrate in the microplate well with 0.3 µg/ml FBP for 15 min.
During the equilibration period, the samples were read for fluorescence-polarization to establish background fluorescence in perpendicular and parallel planes. After the 15 min equilibration, Alexa-660 folate probe was added at a final concentration of 1 nM. The relative concentrations of FBP and Alexa had been selected so that there was sufficient FBP to bring the polarization value to 80% of maximum. To correct for interference from samples in the Alexa-660 signal, the preAlexa readings (parallel and perpendicular fluorescence intensities) of the sample were subtracted from the final readings taken 15 min after addition of Alexa-660-folate. Polarization values were then calculated from these corrected readings.
Millipolarization (mP) values were calculated from the following equation:
where IS is the parallel emission intensity and IP is the perpendicular emission intensity.
Sigmoidal curve fitting and IC50 estimates were performed with Origin software (version 7.5, OriginLab, Northampton, MA, USA) using the logistic equation. Each data point was the average of at least two determinations. Data presented are representative of at least two independent experiments.
Results and Discussion
Erythrocytes and liver have an iron content of around 1.4 g/L and 0.7 g/L wet weight, respectively (15, 16) . Ascorbate is used routinely in liver and erythrocyte preparations to protect folate from oxidation (12, (17) (18) (19) . However, in the presence of iron, ascorbate can behave as a pro-oxidant via the Fenton reaction (20, 21) and heme interacting with oxidising agents is known to generate fluorescent haemoglobin degradation products (22) . To determine whether ascorbate in erythrocyte lysates showed evidence of pro-oxidant activity (and unwanted fluorescence), lysates were incubated in the presence and absence of 25 mM sodium ascorbate in 50 mM HEPES pH 7.4, a typical folate assay buffer. Recent reports indicate that the presence of the detergent saponin (19) or Triton X-100 (23) enhances the detection of erythrocyte folate by inducing complete cell lysis. The detergent Triton-X-100 was included in the buffer to ensure full solubilisation of erythrocytes at a final concentration of 0.5% (v/v). The ratio of lysis buffer to packed erythrocyte volume was 40:1. The sample was scanned for emission from 375 to 775 nm for the appearance of fluorescent products. The gap between excitation and emission was maintained at 40 nm.
The results shown in Figure 1 confirm a clear oxidative effect within 2 hours of mixing ascorbate with haemoglobin. The arrow at 690 nm shows the wavelength at which Alexa 660 emission is read in later assays. The inserted box in Figure 1 shows the interference from the haemoglobin breakdown products at this wavelength. The appearance of these fluorescent products was dependent on the presence of both ascorbate and erythrocyte lysate and independent of the presence of 0.1% 2-mercaptoethanol. Replacing the Triton X-100 with Igepal CA-630 did not alter fluorescent profile generated (Figure 2 ). In comparison, adding Tween® 20 detergent accelerated the appearance of the 560 nm fluorescence, which suggests increased formation of heme degradation products. The increased oxidative rate in the presence of detergent may be due to greater heme solubility or to reactive impurities in the detergents. Nonetheless, oxidative damage to the haemoglobin occurred in the absence of detergent, albeit at a lower rate. The 4 h fluorescent profile of detergent-free (Figure 2 ) lysate resembled the 2 h profile of lysate in the presence of detergent (Figure 1 ). Sixteen hours after lysis of the red cells in the presence of 0.5% ascorbate, all samples with and without detergent resembled the 4 hour profile of the Tween-containing sample (data not shown) while all samples without ascorbate retained scan profiles similar to that of t=6 min i.e. without evidence of fluorescent heme products.
Because fluorescent heme products interfere with FP detection, it is not possible to assess erythrocyte folate degradation by this method, viz. using buffer containing detergent and ascorbate. The buffer subsequently used for the folate FP assay contained degassed 50 mM HEPES at pH 7.4, 0.1% 2-mercaptoethanol, 0.5% Triton-X 100 and 0.1mg/ml BSA. Sample folate was stable in this buffer at 4°C for at least 16 hours while shielded from light. Since ascorbate is routinely used in erythrocyte folate analysis methods without apparently causing problems, it is possible that the particular concentrations and ratio of heme and ascorbate used in this study have generated an oxidative problem that does not occur in standard published assay methodology. Nevertheless, Figures 1  and 2 demonstrate the potential for heme/ascorbate mediated oxidative damage to folate, especially in the presence of detergents.
Mouse liver, brain, kidney and saline-washed colonic tissue homogenates were analysed for their abilities to inhibit Alexa-660 folate binding to FBP. The resulting inhibition curves are shown in Figure 3 31), mouse liver, kidney and brain. The FP method is in agreement with the trend of the published data. The raw data from which figure 4 was constructed are shown in Table 1 along with the SD and CV values associated with each FP reading. The overall CV for the FP assay was 5.6%. Each tissue has a different fluorescent background and each FP instrument has different degrees of sensitivity and precision. Thus it is not possible to estimate an overall 'Limit of Detection' for the FP folate assay. However it is possible to compare the strength of the fluorescent signal of the alexa ligand with the fluorescent background of the sample. Figure 5 shows the fluorescent intensity of various samples at a dilution of 1/100 before and after addition of the alexa-660-folate. With the exception of the detergent solubilised colon contents, all signal to noise ratios are at 10:1 or higher. The very high intrinsic fluorescence of the detergent-extracted, insoluble colon contents, demonstrates the impossibility of folate estimate of this sample.
Many methods for erythrocyte folate analysis include a heating step to denature and precipitate folate binding proteins intrinsic to the sample, thereby increasing the detection of folate by around 30% in erythrocytes (31) . In the FP assay procedure, including a 5-min 90°C heating step followed by centrifugation did not increase the amount of folate detected. This may be because FBP has a substantially higher affinity for folate than the red cell folate binding sites, coupled with the use of detergent solubilisation in the FP method.
The use of different methods for folate quantification leads to variable results. For example, the FP method is not appreciably affected by the polyglutamyl chain length (13) , while the Lactobacillus and HPLC/mass spectrometry methods require enzymatic removal of the polyglutamyl side chain. The FP method cannot detect 5-formyl THF (5-formyltetrahydrofolic acid), which comprises around 10% of total liver folate in mouse (32), pig, chicken and cow (12) because of the low affinity of this folate analogue for FBP. Furthermore, the ratio of 5-formyl THF to 5-methyl THF in human erythrocytes varies with the 5-methyl THF reductase genotype, homozygotes for the C677T allele having 30% of their erythrocyte folate as 5-formyl-THF (33) . In addition, tissues and species vary in their profiles of 5-methyl THF, THF, 5-formyl THF and 5-10 methylene THF (34) . Nevertheless, the FP method is an excellent method for the highthroughput analyses of human and animal samples to assess, for example, the effectiveness of folate supplements or the bioavailability of folate in certain diets.
Conclusions
Methods for folate measurement in erythrocytes commonly employ ascorbate as an anti-oxidant. Recently, detergents have been used to induce full erythrocyte solubilisation. The data presented here show that the combination of detergent, heme and ascorbate can lead to accelerated pro-oxidant activity that may therefore confound the folate estimate. The use of FBP and Alexa-660 folate provides a simple, high-throughput method for the analysis of folate in erythrocytes, liver, kidney & brain tissue.
